Background: Protein arginine methyltransferase 7 (PRMT7) is associated with various functions and diseases, but its substrate specificity is poorly defined. Results: Insect cell-expressed PRMT7 forms -monomethylarginine residues at basic RXR sequences in peptides and histone H2B. Conclusion: PRMT7 is a type III PRMT with a unique substrate specificity. Significance: Novel post-translational modification sites generated by PRMT7 may regulate biological function.
The mammalian protein arginine methyltransferase 7 (PRMT7) has been implicated in roles of transcriptional regulation, DNA damage repair, RNA splicing, cell differentiation, and metastasis. However, the type of reaction that it catalyzes and its substrate specificity remain controversial. In this study, we purified a recombinant mouse PRMT7 expressed in insect cells that demonstrates a robust methyltransferase activity. Using a variety of substrates, we demonstrate that the enzyme only catalyzes the formation of -monomethylarginine residues, and we confirm its activity as the prototype type III protein arginine methyltransferase. This enzyme is active on all recombinant human core histones, but histone H2B is a highly preferred substrate. Analysis of the specific methylation sites within intact histone H2B and within H2B and H4 peptides revealed novel post-translational modification sites and a unique specificity of PRMT7 for methylating arginine residues in lysine-and arginine-rich regions. We demonstrate that a prominent substrate recognition motif consists of a pair of arginine residues separated by one residue (RXR motif). These findings will significantly accelerate substrate profile analysis, biological function study, and inhibitor discovery for PRMT7.
Post-translational modifications dramatically increase the diversity of proteins in the cell and substantially contribute to epigenetic regulation and the control of cellular processes (1) . One of the major groups of enzymes that catalyze these reactions in eukaryotic cells are protein arginine methyltransferases (PRMTs) 2 that transfer methyl groups from the methyl donor, S-adenosyl-L-methionine (AdoMet), to specific arginine residues on protein substrates (Fig. 1) . In mammals, a group of nine sequence-related PRMTs have been characterized (2, 3) . PRMT1, -2, -3, -4, -6, and -8 catalyze the formation of -N Gmonomethylarginine (MMA) and -N G , N G -asymmetric dimethylarginine (ADMA) and are classified as type I PRMTs. PRMT5 catalyzes the formation of MMA and -N G , NЈ G -symmetric dimethylarginine (SDMA) and is defined as a type II PRMT. More recently, PRMT7 has emerged as a type III PRMT that produces only MMA in its substrates (4, 5) . In humans and mice, PRMT7 is a 692-amino acid protein with an ancestral duplication of the catalytic domains, both of which are required for its activity (4) . PRMT7, when expressed as a GFP fusion protein, shows a predominantly cytoplasmic distribution (6) .
The physiological roles of PRMT7 have been associated with broad cellular processes in mammalian cells (3, 7) . It has been indicated that PRMT7 may play a role in Sm protein methylation and small nuclear ribonucleoprotein biogenesis (8) . PRMT7 knockdown up-regulates the expression of genes involved in DNA repair, including ALKBH5, APEX2, POLD1, and POLD2 (9) . It has also been suggested that PRMT7 plays a role in pluripotency state maintenance in undifferentiated embryonic stem cells and germ cells (10) and antagonizes MLL4-mediated differentiation (11) . Interestingly, PRMT7 has been associated with cellular sensitivity to a number of drugs.
Its expression has been correlated with sensitivity to topoisomerase II inhibitors in Chinese hamster fibroblasts (12) , resistance to the topoisomerase I inhibitor camptothecin in HeLa cells (13) , and correlated by linkage-directed association analysis to etoposide cytotoxicity in human lymphoblastoid cell lines (14) . Finally, a gene expression meta-analysis identified a possible role of PRMT7 in promoting breast cancer metastasis (15) . These results suggest PRMT7 as a potential target for anticancer therapeutics.
Since its discovery as a methyltransferase (4), the type of methylation reaction catalyzed by PRMT7 has been under debate. A sole type III activity forming MMA has been reported (4, 5) as well as a type I/type II activity forming both ADMA and SDMA (16) . A sole type III activity was also found for the worm and trypanosome homologs of PRMT7 (17, 18) . In a number of studies, PRMT7 was expressed in mammalian cells as a FLAGtagged species where the purification methods would be expected to also pull down the type II PRMT5 species (2, 3, 19) . The potential contamination of PRMT7 with PRMT5 (and possibly other PRMTs, including the major PRMT1 species) in such studies would complicate the analysis of substrate specificity. These problems may have led to the misclassification of PRMT7 as a type II PRMT and confusion of its methylation sites with those of other PRMTs (9, 20) . Given the roles of PRMTs in epigenetic regulation via histone methylation and the involvement of PRMT7 in both cell development and cancer (10 -15) , it is important to establish the catalytic pattern and substrate specificity of PRMT7.
Here, we report the expression and purification of mouse PRMT7 from insect cells with robust activity. We identify H2B as the best substrate among recombinant human core histones and detect the monomethylation of H2B Arg-29, Arg-31, Arg-33 and H4 Arg-17, Arg-19 by PRMT7 with high resolution amino acid analysis and top-down mass spectroscopy. We found that PRMT7 specifically targets arginine residues in RXR motifs surrounded by multiple lysines. Our work confirming the type III formation of MMA and our discovery of the unique substrate recognition motif of PRMT7 clarify two common ambiguities in the study of this methyltransferase, setting a foundation for exploring the kinetic mechanism, inhibitor discovery, and biological functions of PRMT7.
EXPERIMENTAL PROCEDURES
Mutagenesis-Mouse PRMT7-pEGFP-C1 plasmid was prepared as described (6) . The wild-type plasmid was mutated to create a catalytically inactive enzyme that cannot bind AdoMet, with motif I residues LDIG changed to AAAA. Mutagenic primers were designed to be 45 bases in length with a T m of 89°C. Primers used were as follows: forward primer 5Ј-GGA CAG AAG GCC TTG GTT GCG GCC GCT GCG ACT GGC ACG GGA CTC-3Ј and reverse primer 5Ј-GAG TCC CGT GCC AGT CGC AGC GGC CGC AAC CAA GGC CTT CTG TCC-3Ј. A PCR was set up according to the QuikChange sitedirected mutagenesis kit (Agilent), using 50 ng of dsDNA template (GFP-PRMT7 wild type), 125 ng of both primers, and PfuUltra HF DNA polymerase. The PCR was run at 95°C for 1 min, 18 cycles of 95°C for 50 s, 60°C for 50 s, and 68°C for 10 min. There was an additional 7-min extension at 68°C. Amplification products were then digested using 10 units of DpnI for 1 h at 37°C to remove the parental dsDNA. Plasmids were then transformed into XL10-Gold ultracompetent Escherichia coli cells, plated on LB kanamycin plates, and grown overnight at 37°C. Positive colonies were subjected to DNA sequencing on both strands to confirm the mutations (GeneWiz, Inc.).
Protein Expression and Purification-Wild-type and mutant mouse GFP-PRMT7 plasmid DNA prepared as described above were subcloned into a modified pFastBac baculovirus expression vector and expressed between GST (at the N terminus) and His tag (at the C terminus). The PRMT7 pFastBac vector was transformed into E. coli (DH10Bac), and the bacmid DNA was generated. Spodoptera frugiperda (Sf9) insect cells were then transfected with the bacmid DNA to produce virus particles. By performing mini-infection assays, we selected the most efficient conditions for protein expression, which were 0.75-1.0 ϫ 10 6 cells/ml with a ratio of 1:100 between virus suspension and media and 48 h of duration for infection. One liter of Sf9 cell culture pellet (infected with wild-type or mutant PRMT7-expressing baculovirus) was used for protein purification. The Sf9 cell pellet was lysed in 40 ml of PBS lysis buffer containing 1 mM EDTA, 0.05% Triton X-100, 1 mM DTT, 1 tablet of protease inhibitor mixture (Roche Applied Science), and a final concentration of 250 mM NaCl, using 20 strokes of a Dounce homogenizer followed by three 30-s periods of sonication. The total cell lysate was incubated for 30 min at 4°C with 1 mM MgCl 2 and benzonase nuclease to remove DNA or RNA contamination followed by centrifugation at 38,724 ϫ g for 30 min at 4°C to get a clear soluble lysate. The soluble cell lysate was then incubated with Glutathione-Sepharose 4B beads (GE Healthcare) for 1 h in GST-binding buffer (lysis buffer without protease inhibitor) followed by washing the beads three times with washing buffer (GST binding buffer made up to a final concentration of 350 mM NaCl). The GST beads were then incubated with 5 mM ATP and 15 mM MgCl 2 for 1 h at 4°C to prevent nonspecific binding of heat-shock proteins and washed again three times with washing buffer. GST beads were then washed with P5 buffer (50 mM sodium phosphate, 500 mM NaCl, 10% glycerol, 0.05% Triton X-100, 5 mM imidazole, pH 7.0) and incubated with PreScission protease (GE Healthcare; 4 -8 units for 100 l of GST beads) in P5 buffer for 6 h at 4°C. GSTcleaved PRMT7 protein was collected as the supernatant after centrifugation and incubated with TALON cobalt metal affinity resin (Clontech; prewashed with P5 buffer) for 1 h in P5 buffer at 4°C under rotation. The TALON resin was then washed three times (5 min each) with P30 buffer (P5 buffer with a final concentration of 30 mM imidazole). PRMT7 protein was then eluted from the resin with P500 buffer (P5 buffer with a final FIGURE 2. Recombinant mouse PRMT7 expressed in Sf9 insect cells. A, SDS-PAGE followed by Coomassie Blue staining of the purified wild-type enzyme, revealing a single major polypeptide of ϳ80 kDa (expected mass is 81.2 kDa). This protein includes an N-terminal extension of GPLGY and a C-terminal extension of ELALVPRGSSAHHHHHHHHHH. The lane of marker proteins is shown on the left with the polypeptide sizes. B, SDS-PAGE analysis of the PRMT7 inactive mutant with motif I residues LDIG changed to AAAA. C, LC-MS/MS analysis of tryptic peptides of wild-type PRMT7. Sequences were searched against both the S. frugiperda and the mouse subsets of the UniRef100 database as well as the tagged expected sequence of PRMT7. Sequence coverage of the recombinant PRMT7 (85%) is shown by underlining; those residues not present in the endogenous protein are highlighted in bold and italics; the LDIG motif that was mutated in the PRMT7 mutant is shown in bold.
concentration of 500 mM imidazole) with 5 min under rotation, and the elution step was repeated two times to elute maximum protein (21) . Purified PRMT7 protein was analyzed for quality and quantity by SDS-PAGE with Coomassie Blue staining. The final sequence is GPLGY-(mouse PRMT7)-ELALVPRGSSAH-HHHHHHHHH, as shown in Fig. 2 . PRMT7 protein was then dialyzed in storage buffer (Tris-Cl, pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM DTT) at 4°C for 1 h and stored in small aliquots at Ϫ80°C.
PRMT1 was used as a His-tagged species purified from E. coli (22, 23) Table 1 . GST-GAR was expressed in E. coli BL21 Star (DE3) cells (Invitrogen, C601003) and purified with glutathione-Sepharose 4B beads (Amersham Biosciences) by affinity chromatography as described previously (5) . Recombinant human histone H2A (GenBank TM accession number AAN59960), H2B (GenBank TM accession number AAN59961), H3.3 (GenBank TM accession number P84243), and H4 (GenBank TM accession number AAM83108) were purchased from New England Biolabs as 1 mg/ml solutions in 20 mM sodium phosphate, 300 mM NaCl, and 1 mM EDTA. Histone H3.3 also included 1 mM DTT. In some cases, the histone preparations were dialyzed against 10,000 volumes of the reaction buffer (50 mM potassium HEPES, 10 mM NaCl and 1 mM DTT, pH 7.5) or H 2 O, at 4°C for 1 h. Alternatively, the original buffer was exchanged by diluting histones 40-fold in the reaction buffer and then reconcentrated using an Amicon centrifugation filter; this process was repeated twice.
In Vitro Methylation Assay and Acid Hydrolysis of Protein and Peptide Substrates-PRMT-catalyzed reactions were performed with 0.
PerkinElmer Life Sciences, 75-85 Ci/mmol, from a stock of 0.55 mCi/ml in 10 mM H 2 SO 4 /EtOH (9:1, v/v)) and appropriate substrate in a final reaction volume of 60 l unless otherwise specified. The reactions were buffered in 50 mM potassium HEPES, pH 7.5, 10 mM NaCl, and 1 mM DTT and incubated at room temperature (21-23°C) for 20 -24 h. When proteins were used as substrates, the methylation reactions were quenched with 12.5% (w/v) trichloroacetic acid, and 20 g of bovine serum albumin was added as a carrier protein. After incubation at room temperature for 30 min, the precipitated protein was collected by centrifugation at 4000 ϫ g for 30 min. The pellet was washed with cold acetone and air-dried. When peptides were used as substrates, the reaction mixture was quenched with trichloroacetic acid (final concentration is 1.6%), and peptides were isolated using an OMIX C18 ZipTip (Agilent Technologies) followed by vacuum centrifugation. Acid hydrolysis of all dried reaction mixtures was then carried out in vacuo at 110°C for 20 h using 50 l of 6 N HCl. Samples were then dried by vacuum centrifugation and dissolved in 50 l of water.
Amino Acid Analysis of Methylation Products by High Resolution Cation Exchange
Chromatography-Amino acid analysis was performed to determine the products of enzymatic methylation reactions as described previously (5) . Briefly, the hydrolyzed samples were mixed with 1 mol each of -MMA (acetate salt, Sigma, M7033), SDMA (di(p-hydroxyazobenzene)-pЈ-sulfonate salt, Sigma, D0390), and ADMA (hydrochloride salt, Sigma, D4268) as internal standards. Samples were loaded onto a cation exchange column of PA-35 sulfo- A, in vitro methylation reactions were performed as described under "Experimental Procedures" using 6 g of GST-GAR and 1.2 g of wild-type or mutant PRMT7 at a final concentration of 0.26 M. Incubations in the absence of PRMT7 or GST-GAR were used as controls. The reactions were allowed to proceed at room temperature for 20 h. After acid hydrolysis, the methylated amino acid derivatives were analyzed by high resolution cation exchange chromatography together with standards of ADMA, SDMA, and MMA as described under "Experimental Procedures." 3 H radioactivity (solid lines) and the ninhydrin color of the methylated arginine standards (dashed lines; elution positions indicated) were determined with liquid scintillation counting and 570 nm absorbance, respectively. Because of a tritium isotope effect (5), the [ 3 H]methyl derivatives of ADMA, SDMA, and MMA elute on the high resolution cation exchange chromatography column 1-2 min earlier than the nonisotopically labeled standards. Red, wild-type PRMT7 with GST-GAR; green, wild-type PRMT7 alone; blue, mutant PRMT7 with GST-GAR; purple, GST-GAR alone. B, magnification of the radioactivity scale to show PRMT7 automethylation (green), the residual activity of mutant PRMT7 (blue), and the absence of ADMA and SDMA in the reaction products (red).
nated polystyrene beads (6 -12 m; Benson Polymeric Inc., Sparks, NV) and eluted with sodium citrate buffer (0.35 M Na ϩ , pH 5.27) at 1 ml/min at 55°C. Elution positions of the amino acid standards were determined by a ninhydrin assay. 50-l aliquots of 1-ml column fractions were mixed with 100 l of ninhydrin solution (20 mg/ml ninhydrin and 3 mg/ml hydrindantin in 75% (v/v) dimethyl sulfoxide and 25% (v/v) 4 M lithium acetate, pH 4.2) and incubated at 100°C for 15-20 min, and the absorbance was measured at 570 nm using a SpectraMax M5 microplate reader with a path length of 0.5 cm. Radioactivity in column fractions was quantitated using a Beckman LS6500 counter and expressed as an average of three 5-min counting cycles after mixing 950 l of each fraction with 10 ml of fluor (Safety Solve, Research Products International, 111177).
Fluorography of Histones Methylated by PRMT7-The enzymatic methylation reactions were set up with [ 3 H]AdoMet as described above. After 15-20 h of incubation at room temperature (21-23°C), the reactions were quenched by SDS loading buffer and separated on 16% Tris-glycine gel (Novex, Invitrogen, EC6495BOX) or 4 -12% BisTris gel (NuPAGE Novex, Invitrogen, NP0335BOX), stained with Coomassie Blue for 0.5 h, destained for 1 h, enhanced in autoradiography enhancing buffer (EN3HANCE TM , PerkinElmer Life Sciences, 6NE9701) for 1 h, and vacuum-dried. The fluoroimage was scanned after 3 h to 7 days of exposure to autoradiography film (Denville Scientific Inc., E3012). From the fluoroimage, the densitometry of each band was measured with ImageJ software, and the specific radioactivity was calculated by dividing the intensity of the fluorograph band with that of the Coomassiestained band.
Top-down Mass Spectrometry of Proteins or Peptides
Methylated by PRMT7-Methylation reactions were performed at the indicated concentration of AdoMet (Sigma, A2408, p-toluenesulfonate salt) in a buffer of 50 mM potassium HEPES, pH 7.5, 10 mM NaCl, and 1 mM DTT. Top-down mass spectrometry coupled with ETD (LTQ-Orbitrap) was used to determine the methylation sites targeted by PRMT7. Protein or peptide substrate was incubated with PRMT7 and 182-200 M AdoMet in the reaction buffer at room temperature for 24 h. Then the methylation products were loaded onto OMIX C18 ZipTip (Agilent Technologies, A5700310), washed with 0.1% formic acid, and eluted with formic acid/acetonitrile/H 2 O (0.1:50:50). The eluted sample was subjected directly to electrospray ionization (ESI), and ion isolation and ETD fragmentation were performed to identify and break down the positively charged methylated species. Unit resolution was achieved on all product ions by operating the instrument at 30,000 or 60,000 resolution (at 400 m/z). The mass spectra of multiply charged precursors were deconvoluted to monoisotopic zero-charge mass using Xtract 3.0 software. The ETD tandem mass spectra were analyzed with ProsightPC 2.0 software (Thermo Scientific) to match the identified c and z ions to the known amino acid sequences and to localize post-translational modifications, which remain a largely manual process.
RESULTS

Robust Mouse PRMT7 Expressed in Insect Cells Catalyzes the Formation of Monomethylated Arginine Residues
Only-Previously, human PRMT7 was prepared as a GST fusion protein expressed in bacterial cells. This enzyme was shown to be a type III enzyme that formed MMA residues on a variety of proteins and peptides (4, 5) . However, the enzymatic activity was relatively low. To study an enzyme with minimal exogenous residues that could be expressed in animal cells in potential complex with interacting proteins and with potential posttranslational modifications, we prepared recombinant mouse PRMT7 with small N-and C-terminal tags in Sf9 insect cells. We observed a single major polypeptide of the expected size of PRMT7 with SDS-PAGE analysis ( Fig. 2A) . LC-MS/MS analysis demonstrated high sequence coverage (85%) of PRMT7 (Fig.  2C ) and the absence of tryptic peptides corresponding to other PRMTs or other methyltransferases from mouse or S. frugiperda. Additionally, no tryptic peptides were detected consistent with the presence of additional stoichiometric subunits of PRMT7. As a control, a catalytic mutant was prepared where the AdoMet-binding motif I residues LDIG were changed to AAAA (Fig. 2B) .
Methylation assays were then carried out with the previously characterized substrates GST-GAR, a protein containing the first 148 amino acids of human fibrillarin (5, 21) , and synthetic peptides derived from the N terminus of human histone H4 (22, 23, (25) (26) (27) . Using amino acid analysis employing high resolu- tion cation exchange chromatography, we were able to clearly separate MMA, SDMA, and ADMA and capture femtomole levels of methylation products from [ 3 H]AdoMet. In Fig. 3 , we demonstrate the high catalytic activity of PRMT7 on GST-GAR, resulting in a peak radioactivity of ϳ8 ϫ 10 4 cpm in MMA with no SDMA or ADMA formation detected. The activity of this enzyme was about 18-fold greater than that of the GST fusion protein expressed in bacterial cells (5) when tested under similar conditions. The catalytic mutant PRMT7 retained only ϳ2% of this activity, confirming the absence of other PRMT enzymes in the preparation (Fig. 3A) . Interestingly, PRMT7 alone showed relatively weak automethylation activity (a peak of ϳ2.6 ϫ 10 3 cpm), which has not been previously observed (Fig. 3B) .
To confirm the catalytic activity forming only MMA, we compared the methylation products of a synthetic peptide based on residues 1-21 of human histone H4 along with its Arg-3 to Lys and Arg-3 to MMA derivatives (Table 1) catalyzed by PRMT7 with those catalyzed by the representative type I PRMT1 and type II PRMT5 enzymes. As shown in Fig. 4 , PRMT1 formed ADMA and MMA on H4(1-21) as expected. When Arg-3 was replaced with Lys on the peptide, there was still residual activity left (ϳ7%), indicating that Arg-17 and/or Arg-19 can also be weakly methylated by PRMT1. When the Arg-3-monomethylated peptide was used as a substrate, PRMT1 formed mainly ADMA, most likely on Arg-3, which confirms the major methylation site on the histone H4 N-terminal tail for PRMT1 (28) . PRMT5 formed SDMA and MMA on H4(1-21) as expected (29) . PRMT5 also showed weak activity (ϳ20%) on the R3K mutant peptide, suggesting that Arg-17 and/or Arg-19 are its target sites as well. When Arg-3 is premonomethylated, PRMT5 formed mainly SDMA on H4(1-21)R3MMA, indicating Arg-3 as its major methylation site on H4 tail. Most interestingly, PRMT7 mediated formation of only MMA on all of the three H4 peptides, whether Arg-3 was mutated to Lys or MMA. These results indicate first, when there is already a methyl group on Arg-3, that PRMT7 does not add a second methyl group to it like PRMT1 and PRMT5; and second, on the H4 N-terminal tail, Arg-17 and/or Arg-19 are likely the major targets for PRMT7 rather than Arg-3.
PRMT7 Preferentially Methylates H2B among Core Histones-To study the substrate specificity of the PRMT7 enzyme expressed in insect cells, we compared the methylation level of all four core human recombinant histones catalyzed by PRMT7 in the presence of [ 3 H]AdoMet in an SDS-PAGE fluorography assay. As shown in Fig. 5 , H2B was found to be a much better substrate than any of the other histones. After a 3-h exposure of the EN3HANCE TM gel, only H2B appeared to be significantly methylated; after a 7-day exposure, the H2B band saturated the film response, and H2A, H3, and H4 bands became apparent. Of note, we found that replacing the histone storage buffer (300 mM NaCl, 1 mM EDTA, and 20 mM sodium phosphate, pH 7.0) with the reaction buffer (50 mM potassium HEPES, pH 7.5, 10 mM NaCl, and 1 mM DTT) significantly promoted the methylation of histone H2B, especially histones H3 and H4.
The specificity of PRMT7 for histone H2B was confirmed by amino acid analysis of the reaction products. Here, we observed a peak radioactivity of MMA of ϳ1.4 ϫ 10 5 cpm for H2B and 5% or less of this value for H2A, H3, and H4 (Fig. 6) . No ADMA or SDMA products were observed in any of these reactions.
PRMT7 Targets Arg-29, Arg-31, and Arg-33 in Basic RXR Motifs on Histone H2B-Next, we aimed to identify the methylation sites of PRMT7 on H2B. First, high resolution top-down Fourier transform-MS analysis was conducted for intact H2B protein (Fig. 7A ) and the product of H2B methylation with PRMT7 and AdoMet (Fig. 7B ). Samples were subjected to LTQ-Orbitrap coupled with ETD, enabling us to confirm the monomethylation on H2B (⌬m ϭ 14 Da for monoisotopic mass) and selectively isolate and fragment the monomethylated species. Fig. 7B shows PRMT7-mediated production of a 20-charge monomethylated precursor ion (⌬m/z ϭ 0.7 compared with the unmodified ion peak), which generated the product ions shown in Fig. 7C using ETD. The best matches for the fragment c and z ions were found for histone H2B monomethylated on either Arg-29, Arg-31, or Arg-33 (Fig. 7D) . Analyses of other charge states of the methylated H2B also confirmed the same results. It is difficult at this point to distinguish between these three sites of methylation, although the presence of specific C29 and Z97 ions in Fig. 7D supports the presence of MMA at least at Arg-29. Nevertheless, it is clear that all of these sites are within the HBR region in the sequence KKRKRSRK.
To specifically map the PRMT7-catalyzed methylation sites in the N-terminal basic region of histone H2B, we prepared six peptides corresponding to residues 23-37 and containing 0, 1, or 2 Arg to Lys substitutions at Arg-29, Arg-31, and Arg-33 ( Table 1) . As shown in Fig. 8A , the wild-type peptide with three arginine residues was an excellent substrate for PRMT7 (ϳ3 ϫ 10 5 cpm in the MMA peak), confirming the results of the top-down mass spectrometry. When Arg-29 or Arg-33 was replaced, leaving RXR sequences, the peptides remained good substrates with 69 and 26% of the methyl-accepting activity of the wild-type peptide, respectively (Fig. 8, C and D) . However, when the central Arg-31 residue was replaced, the methyl-accepting activity decreased to only ϳ3% of the wild-type peptide (Fig. 8E) . More interestingly, when two of the three arginine residues were replaced by lysine residues, leaving only a single FIGURE 7. Detection of PRMT7-formed monomethylarginine sites in histone H2B using top-down mass spectrometry. 15 g of H2B was incubated with 4.8 g of PRMT7 (1 M) and 200 M AdoMet in the reaction buffer at room temperature for 24 h in a final volume of 60 l. The methylation products were desalted using an OMIX C18 ZipTip and directly introduced into an LTQ-Orbitrap mass spectrometer by nano-ESI as described previously (30) . A, control mass spectrum of unreacted H2B is shown with ion isolation of the 20-charge species (m/z ϭ 690.03, monoisotopic mass ϭ 13,780.56 Da; calculated monoisotopic mass 13,780.54 Da). B, mass spectrum of methylated H2B from the incubation mixture described above is shown with ion isolation of the 20-charge species (m/z ϭ 690.73, monoisotopic mass ϭ 13,794.56 Da; calculated monoisotopic mass 13,794.56 Da). C, ETD tandem mass spectrum of the 20-charge precursor of methylated H2B. Unit resolution was achieved on all product ions by operating the instrument at 30,000 resolution (at 400 m/z). To maximize signal intensity for better sequence coverage in the dissociation experiment, the ion isolation experimental window was kept wide enough that there was some contamination of the desired molecular ion with unmethylated H2B. The c and z ions were assigned assuming the methyl group is on H2B R29, as in arginine residue at positions 29, 31, or 33, the methyl-accepting activity dropped to only ϳ1% of the wild-type peptide (Fig. 8,  F-H) . These latter activities were only 3-4 times higher than the background MMA level formed by automethylation of PRMT7 under the same conditions (Fig. 8B) . These data indicate that PRMT7 can monomethylate any of the three arginine residues in this region but that it shows a dramatically higher activity when at least two arginine residues are present and spaced with only one residue between them, suggesting a preferred RXR substrate recognition motif for PRMT7.
The k cat and K m values for selected H2B peptides containing the RKRKR sequence and its variants are shown in Table 2 . Here, the value of the k cat /K m is about 4 -29-fold lower when either terminal arginine residue is replaced by a lysine residue. When the central arginine residue is replaced by a lysine residue to eliminate the RXR motif, the k cat value is over 50-fold lower, and the activity is too low to obtain a reliable K m value. When these values are compared with those of other mammalian PRMTs reported in the literature, the k cat /K m value for PRMT7 is some 10 -1000-fold lower than those for PRMT1, and -3-6, but similar to that of PRMT8 and some 50-fold greater than that of PRMT2. Although these values were determined using differing experimental conditions and substrates, it appears that there is a wide range of activity for mammalian PRMTs.
Finally, to pin down the localization of the methylation sites, we performed high resolution tandem MS analyses of the methylated wild-type H2B(23-37) peptide and its R29K mutant. Fig.  9A shows an example of the 5-charge state of H2B (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) with an m/z of 388.03, which was deconvoluted to the monoisotopic mass of the peptide (1935.12 Da). After the reaction was catalyzed by PRMT7, Fig. 9B shows the generation of singly, doubly, and triply methylated H2B(23-37) (m/z ϭ 390.83, 393.63, and 396.43 and monoisotopic mass ϭ 1949. 13, 1963.14, and 1977.15 Da, respectively), with ϳ60% of singly methylated products, indicating the high conversion but low processivity of PRMT7 under our experimental conditions. As the amino acid analysis showed that all the methylated arginines were monomethylated (Fig. 8) , the existence of triply methylated peptide confirms that all three arginines in H2B(23-37) can be methylated, although the chance of adding three methyl groups was very low. The singly methylated precursor ion generated the product ions in Fig. 9C , giving the best c and z ion coverage of the H2B(23-37) sequence when the methyl group was assigned to Arg-29, Arg-31, or Arg-33 (Fig. 9D) . The c and z ions in D-1 and D-2 strongly suggested methylation of Arg-29 and Arg-31; those in D-3 did not support but could not exclude the methylation of Arg-33, probably because Arg-33 was methylated to a very low level. Thus, the singly methylated species was actually a mixture of peptides Table 1 ) were methylated by PRMT7 as described in Fig. 3 legend. A-H show PRMT7-catalyzed methylation products of H2B (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) with monomethylation on different arginine residues, and Arg-29 and Arg-31 should be the major methylation sites on H2B. Additionally, the fragmentation pattern for the methylated H2B(23-37)R29K peptide is more consistent with the Arg-31 site of methylation (Fig. 10) . Combined with the presence of a small amount of dimethylated peptide, these Values of k cat and K m of PRMT7 were measured as described previously (26) . Varied concentrations of the indicated H2B peptides (0 -100 M) were mixed with 0.1 M
PRMT7 and 10 M S-adenosyl-[methyl-
14 C]L-methionine (47 mCi/mmol, PerkinElmer Life Sciences) in 50 mM potassium HEPES, pH 7.5, 10 mM NaCl, 1 mM DTT, and 20 M sodium EDTA, and incubated at room temperature for 4 -5 h. Duplicate reactions mixtures were spotted onto Whatman P81 filters that were washed extensively in 50 mM NaHCO 3 , pH 9, and counted by liquid scintillation as described previously (26) . Data were analyzed by a nonlinear fit to the Michaelis-Menten equation using GraphPad Prism software; Ϯ values reflect the standard error.
Enzyme (Ref.)
Substrate results also suggest that Arg-31 is a major site of methylation, and Arg-33 is a minor site.
Confirmation of the RXR Recognition Motif for PRMT7
Using Histone H4 N-terminal Peptides-Although the recombinant histone H4 protein did not appear to be a good substrate for PRMT7 (Fig. 6D) , the H4(1-21) peptide was well methylated (Fig. 4G) . To identify the methylation sites on H4 N-terminal tail, short H4 peptides were synthesized covering the 1-8 or 14 -22 residues, and the Arg-17/Arg-19 to Lys derivatives were also made for the latter peptide. As shown in Fig. 11, H4(14 -22) could still be methylated by PRMT7 (ϳ4 ϫ 10 3 cpm in the MMA peak), but the activity was much weaker compared with H4(1-21) (Fig. 4G , ϳ8 ϫ 10 4 cpm in the MMA peak), indicating that distant residues on the H4 N terminus also play a role in substrate recognition. Surprisingly, comparing Fig. 11 , B and C, with E, the methyl-accepting activity of H4(14 -22)R17K or R19K for PRMT7 was not much greater than PRMT7 automethylation (Fig. 11E) . These results show again that a single arginine residue, even within a basic residue context, is not a good target for PRMT7. Consistent with this idea, the H4(1-8) peptide, containing a single arginine residue at position 3 that is a substrate for both PRMT1 and PRMT5 (28, 29), was not B, ETD tandem mass spectrum of the 5-charge precursor of monomethylated H2B(23-37)R29K. The peaks corresponding to me1 in A were isolated and fragmented with ETD. The c and z ions were assigned assuming the methyl group is on Arg-31, as in C-1. C, c and z ion coverage for H2B(23-37)R29K when a methyl group is assigned on Arg-31 (B-1) or Arg-33 (B-2). In C-1, the presence of C9 and Z7 ions indicates the monomethylation of Arg-31. C-2, the Z5 and Z6 ions supporting monomethylation of R33 were not found, probably because Arg-33 is methylated to a very low extent, as suggested in A, me2. Acetylation of the N-terminal lysine residue is indicated by red shading; monomethylation of arginine residues is indicated by green shading.
detected as a substrate for PRMT7 (compare Fig. 11, D with E) . Finally, tandem MS analysis of the PRMT7 methylated H4(1-21) peptide also suggested the absence of methylation at Arg-3 and the presence of methylation at Arg-17 and Arg-19 (Fig. 12) . The 5-charge state of unmethylated H4 showed an m/z of 427.46, deconvoluting to a monoisotopic mass of 2132.26 Da. After the PRMT7-catalyzed reaction, the singly methylated peptide (m/z ϭ 430.26, monoisotopic mass ϭ 2146.27 Da) and doubly methylated peptide (m/z ϭ 433.06, monoisotopic mass ϭ 2160.28 Da) were also present, although the level for the latter was very low. ETD fragmentation gave informative c and z ions covering most of H4(1-21) sequence when a methyl group was assigned on Arg-17 ( Fig. 12D) (2) . But C17, C18 and Z3, Z4 ions were missed if a methyl group was assigned on Arg-19 ( Fig. 12D (3) ), indicating it was less strongly methylated. Putting a methyl group on Arg-3 significantly lowered the sequence coverage (Fig. 12D) (1), suggesting H4R3 was not likely the methylation site. Together, the MS data gave evidence for methylation of H4R17 and Arg-19 by PRMT7, with a preference for Arg-17.
DISCUSSION
We have shown that an insect cell-expressed mouse PRMT7 has a robust protein arginine methyltransferase activity, but one that is limited to the formation of MMA residues within specific RXR motifs. These results support the assignment of a type III activity to this enzyme that was previously observed for a GST-tagged PRMT7 expressed in bacteria (4, 5) and that is consistent with the type III assignment for the worm (17) and trypanosome (18) homologs. It is not clear at this point what contributes to the enhanced activity of the insect cell-expressed enzyme, although it is possible that insect cell post-translational modifications and differences in the N-and C-terminal tags can affect the activity. Initial mass spectrometric analysis of tryptic peptides of PRMT7 suggested possible sites of phosphorylation and methylation, but these results need to be verified.
However, this analysis demonstrated no contamination of the insect cell-expressed enzyme with other methyltransferases.
Previous results suggesting that PRMT7 has the ability to form ADMA and/or SDMA (9, 16, 20) may have been compromised by contamination of enzyme preparations with other PRMTs, particularly when FLAG-tagged PRMT7 is purified in a protocol also known to purify nontagged PRMT5 (2, 3, 5, 19) . Endogenous PRMT5 in mammalian cells has an affinity for the monoclonal M2 antibody used to purify FLAG-tagged proteins (19) . As such, nontagged PRMT5 can be co-purified with FLAG-PRMT7, and the methyltransferase activity detected from such preparations would be from the mixture of both enzymes, leading to misidentification of SDMA generated by PRMT5 as a PRMT7 product. For example, the observation of methylation in peptide sites corresponding to Arg-3 of histone H2A and H4 (9) may be due to PRMT5 rather than PRMT7, especially because these sites are known substrates of PRMT5 (2, 26) . Additionally, the reported methylation of Arg-3 on recombinant histone H4 and R2 on histone H3 (20) may also be due to PRMT5 contamination. The distinct preference of PRMT5 for Arg-3 and PRMT7 for Arg-17/Arg-19 in H4(1-21) is clearly shown in Fig. 4 . Because the activity of PRMT5 is ϳ45 times greater than that of PRMT7 (Table 2) , a small degree of contamination with PRMT5 can mask the activity of PRMT7. The very high relative activity of PRMT1 (Table 2 ) may also lead to misleading results if PRMT7 preparations are contaminated with this enzyme. Finally, we note that the H4(1-21) and H4(1-21)R3K peptides can be effectively used to distinguish PRMT7 activity from that of PRMT5 and PRMT1 as demonstrated in Fig. 4 .
We have shown that PRMT7 automethylation occurs in the insect cell-expressed enzyme; such an automethylation activity can complicate substrate identification and necessitates enzyme-only controls. Automethylation has been previously observed in several other methyltransferases (37) and has been associated with the regulation of activity in CARM1/ PRMT4 (38) .
The substrate specificity of PRMTs has been reviewed by Yang and Bedford (3) . Most PRMTs, including PRMT1, -3, -6, and -8, target glycine-and arginine-rich motifs, which are involved in mediating nucleic acid and protein interactions (39, 40) ; CARM1/PRMT4 specifically methylates proline-, glycine-, and methionine-rich motifs (41), although PRMT5 works on both (41, 42) . Adding to this substrate profile, we now demonstrate that PRMT7 shows a unique substrate specificity that is distinct from other known PRMT members. PRMT7 methylates two very basic regions on the H2B protein and peptides and H4 peptides where two or more closely positioned arginine residues are present in sequences rich in lysine residues. The mutation analyses on peptides H2B(23-37) and H4 (14 -22) also suggest that PRMT7 strongly prefers two arginines with one residue apart to a single arginine or two arginines with three residues apart, even if they are located in the same basic region. These results lead us to propose that PRMT7 specifically recognizes lysine-and arginine-rich (KAR) regions with an RXR motif. The binding selectivity for arginine over lysine is significant despite their similar chemical nature, as replacing one of the arginines with lysine decreases the methylation efficiency.
PRMT7 methylates the four core histones to different extents with a clear preference for the N-terminal basic motif of H2B. The very high methyl-accepting activity of H2B in vitro suggests that it might be a physiological substrate for PRMT7. Previous studies identified multiple post-translational modifications on human H2B, including acetylation on Lys-5, Lys-15, Lys-16, and Lys-20 (43, 44) , phosphorylation on Ser-14 (45) , and methylation on Lys-46, Lys-57, and Lys-108 (43) . However, arginine methylation on HBR has not been reported to our knowledge. These MMA modifications may have been missed because traditional tryptic digestion in bottom-up mass spectrometric analysis may cleave KAR regions like the methylated sequence -KKRKRSRK-in histone H2B into small fragments that are undetectable for LC-MS/MS analysis. A similar situation may occur with the -KRHRK-sequence in histone H4. It is also possible that the stoichiometry of methylation of these RXR sites in histones H2B and H4 is very low. We have shown that the histone-histone and histone-DNA interactions both inhibit H2B methylation in vitro. In the nucleosome structure, the target arginine residues of histones H2B and H4 are generally bound to DNA and may be largely inaccessible to PRMT7 until a conformational change occurs. Additional studies will be required to identify these potential new methylation sites in vivo, as well as sites on non-histone proteins.
With the revelation of its catalytic pattern and substrate specificity, it is intriguing to speculate on the biological consequences of potential PRMT7-mediated histone methylation. For histone H4, the KRHRK region has been shown to interact with the acidic islet of the H2A globular domain and possibly Arg-96 to Leu-99 of H2B from the neighboring nucleosome and to facilitate nucleosome array compaction (46 -50). The same RHR region (residues [17] [18] [19] has also been demonstrated to interact with a C-terminal acidic patch of Dot1 methyltransferase, facilitating Dot1-mediated histone H3K79 methylation and telomeric silencing (51) . For histone H2B, the N-terminal HBR region KKDGKKRKRSRK associates with DNA, stabilizes nucleosome structure, and silences gene expression (52, 53) . Methylation of these basic regions may compromise their interaction with protein or DNA binding partners, affecting downstream processes, including transcription (54) . It is thus possible that PRMT7 modulates chromatin stability and transcription initiation. Because the PRMT7-targeting basic region is located at the end of the flexible N-terminal tail of H2B and is in close contact with negatively charged DNA chains (Fig. 13) , its modification by PRMT7 may not occur, although this region is tightly bound to surrounding DNA. It is also possible that H2B is methylated before it is incorporated into the nucleosome, perhaps as a marker for histone assembly as in the case of H3K56 acetylation during replication (55) . A final possibility is that once H2B dissociates out of the nucleosome, PRMT7-mediated methylation targets it for ubiquitination and then degradation, as in the case for PRMT5-catalyzed methylation on Arg-111 and Arg-113 of E2F-1 (56) .
In summary, our discovery of the sequence motif for PRMT7 recognition will facilitate the identification of physiological FIGURE 13 . Crystal structure of H2B N-terminal basic regions in a nucleosome core particle (Protein Data Bank code 1KX5, 1.9-Å resolution). A, two molecules of histone H2B.2 (Xenopus laevis; cyan) from a histone octamer wrapped by two strands of nucleosomal DNA (Homo sapiens; orange). The H2B repression region (HBR; sequence, KKDGKKRRKTRK; residues highlighted as blue sticks) is at the root of the flexible N-terminal tail and exits the nucleosome through a minor groove channel formed by two DNA strands (1) . B and C exhibit magnifications of HBR1 and HBR2 areas from A. They are both tightly associated with surrounding DNA. Noncovalent bonds with distance Ͻ5 Å are shown. Green, Gly-101 and Gly-102 are from histone H4.
substrates and the effects of protein arginine methylation on their functions in health and disease.
